Abstract
1: Introduction
Increasing switching speeds and complexity of VLSI circuits is taking the task of system level interconnect design from the realm of purely "a designer's intuition" to that which requires the aid of a CAD tool. Signal integrity is becoming a significant factor in determining the reliability and performance of an electronic system, and enormous resources are being harnessed to analyze and ensure that signal integrity objectives are met. For high-performance systems, designers are beginning to promote the task of system level interconnect design from a mere trou-* This work was supported in part by the Semiconductor Research Cor- poration under contract 95-DJ-343 and the National Science Foundation under contract MIP-9157263. t Rohini Gupta is now with AT&T Bell Laboratories, Allentown PA 18103. $ Formerly Lawrence T. Pillage. As of January 1996, he will be with Carnegie Mellon University, Dept. of ECE, Pittsburgh, PA 15213.
ble-shooting problem to a front-end design and synthesis objective.
In previous work on transmission line synthesis, interconnect models have been used to obtain a simplified polezero description of the circuit behavior [3, 15] . In [5] , a distributed interconnect model is used for self-damping lossy transmission lines on MCMs, but this method and the lumped RLC approximations are limited to pin-to-pin nets and cannot account for driver rise-time or loading conditions on the line effectively. Since transmission line effects dominate when the rise-time, tr , is much smaller than the time-of-flight on the line, rise-time is an important parameter affecting transmission line behavior. In [ 171, a reduced order two-pole approximation is obtained for the transfer function after extracting the high-frequency time-of-flight of the transmission line. This preprocessing step of extracting the time-of-flight[ 171 and generating an effective two-pole representation taking into account the effect of "off-path" loads [19, 21] for a general transmission line topology presents a costly overhead for a design automation tool.
Moment based techniques for optimal termination have been presented in [7,1 I] to efficiently account for loading conditions on the line, loss in the line and the input signal rise-time. The symbolic treatment in [7] offers an efficient and effective technique for pin-to-pin transmission line nets. This paper generalizes these moment-based metrics to consider arbitrary transmission line tree structures, and formulates the design objective as a nonlinear constrained optimization problem.
Moments are used as metrics of the distributed transmission line model that characterize the signal behavior such that synthesis is feasible in the frequency domain without resorting to any preprocessing steps or timedomain simulations [8, 11] . This allows the integration of different design variables such as width, length of the line, resistive source or far-end termination, etc., into a common design optimization tool. Along with delay metrics presented in [ 111 for a properly terminated transmission line net, this constitutes a powerful technique for transmission line synthesis. Several examples and results are presented to demonstrate the efficacy of the proposed methodology and optimization framework.
2: The Termination Objective
The transmission line is a medium for transfer of electrical signals in a VLSI system and a perfect transmission medium would be one that transmits the input signal undistorted. At a particular node k of a transmission line tree, let the output response be given by v ( t ) = h k ( t ) * v i ( t ) , where h k ( t ) is the impulse response at that node, vi ( t ) is the input signal and * is the convolution operator. This paper formulates the termination objective as a design problem where h k ( t ) is designed to transmit vi ( t ) with minimum distortion. Since excessive settling time effectively increases delay, both under-damping and over-damping adversely impact delay, as shown in Fig.l(b) for the circuit in Fig. 1 (a) . A designer generally wants to minimize ringing while maximizing the signal slope (minimizing rise-time). Moments of the impulse response h, ( t ) can be used to achieve this objective without computationally expensive time-domain simulations.
2.1: Moments of the Impulse Response
Under conditions of analyticity, the transfer function of a system can be expanded into its Maclaurin series:
where mk is the k -th moment of the impulse response:
For the simple source-terminated transmission line in Fig.l(a) , the transfer function is [8]:
where, y = 2/(R + sL) (sC) is the propagation function and Zo = ( R + sL) / ( s C ) is the characteristic impedance of the line. R, L and C are the resistance, inductance and capacitance of the transmission line per unit length respectively, d is the length of the line and the series resistance, Rs = R, + R,,. , where Rdr is the driver resistance and R,,. the additional termination resistance. The dielectric loss, G, is assumed to be negligibly small. From (1) and (3), the transfer function moments for the transmission line system can be obtained as a function of Rs [7] . The driver resistance R is assumed to be linear in this paper, since Pr driver linearization schemes can be applied without loss of generalityC91.
From the definition of moments in (2), the mean of the impulse response is given by [4, 8] :
When the dc gain of the system is unity, mo = 1 and the mean, q = ml . Central moments of the impulse response are defined as moments about the mean and are given
In terms of the circuit moments in (2), the first few central moments can be expressed as follows:
and so on...
The second central moment p2 is a function of the second power of ( t -q) in (5) and provides a measure of the spread or dispersion of the function h ( t ) . Similarly, the third central moment, p3 , is a function of an odd power of ( t -q) and is a measure of the asymmetry of h ( t ) [4, 8] .
In the following section, these central moments and their properties are used to obtain a metric for optimal termination of a transmission line.
2.2: A Metric for Optimal Termination
For an unloaded lossless transmission line driven by a step input as shown in Fig.2(a) , it is well known that the optimal termination resistance is Rs = Zo [1, 7] . With this termination, for a lossless line (from equation (3) with R = 0 , CL = 0 and V j ( s ) = l/s), 1 1 --
The positive root provides the solution, Rs = n C = Zo .
Thus, the ideal impulse response for a lossless transmission line is symmetric and localized (zero dispersion) about its mean. And conversely, forcing the impulse response to be symmetric and localized about the mean ensures critical damping. For a positive function h ( t ) , since the third central moment p3 is known to be a measure of the asymmetry of the function, p3 > 0 represents a positively skewed function with a long right tail, as shown in Fig.4 (b), and corresponds to an overdamped signal (FigA(a)). For a transmission line system, when the response is underdamped, there is some overshoothndershoot, and so, for the impulse response shown in Fig.4(b) , p3 < 0. The third central moment from equation (5) can be rewritten as,
so that for h ( t ) 2 0 , pi = p l j p3 = 0 , which corresponds to a critically damped system. Lossy lines, however, exhibit the phenomenon of "dispersion" which is due to the dependence of the phase velocity of a propagating wave on the frequency of the signal component [ 161. Consequently, for a signal comprising of a band of frequencies, the different frequency comThus, for a lossy transmission line, the objective is to design the impulse response to be localized and symmetric about its m~n .
And since P3 is a n~~S u r e of asymmetry and hmce ringing, as dkcussed above, cL3 = 0 with minimum cL2 is Proposed to be the COndition for optimal termi-nation for a lossy transmission line. However, in order to minimize ringing while maximizing the signal slope, we discuss in Section 4 how a ringing versus rise-time tradeoff can be made using the second central moment, p2. Referring to Fig.l(a) , for the ideal case of a step input, lossless line and small capacitive load, node C is switched by the incident wave and the ideal response is as shown in Fig.S(a) . For this source terminated transmission line, the incident wave switches the points A and B along the line to half the final value, and then the reflected wave completes the switching, as shown in Fig.S(a) . This type of switching+alled reflected wave switching-occurs when a transmission line net in a daisy-chain configuration is source terminated. For a system with zero initial state, the derivative of the step response v,
2.3: Reflected Wave Switching (a)
(
(t) = h ( t ) * v i ( t )
gives the impulse response[l4], and Fig.S(b) shows the impulse responses at nodes A, B and C , respectively.
The common feature among the responses at A, B and C in Fig.S(b) is that each of these is a symmetric function.
Nodes A and B are switched by the reflected wave and C is switched by the incident wave, but for ideal switching behavior, each of these has a symmetric impulse response. We use this property of symmetry to provide a cost function for optimal termination in terms of only the first four moments of the transfer function. Thus, for both incident and rejlected wave switching, in order to minimize ringing, the objective is to force the response to be a symmetric function, i.e. p3 = 0 . 
3.2: Minimization Subject to Bounds Constraint
The objective of the optimization problem is:
where the rows of A are signed rows of the identity matrix and a bound constraint i is considered "active" when xi = li . The problem in (15) defines a nonlinear optimization task with linear constraints. We follow a quasi-Newton approach to minimize P (x) and exploit the knowledge that the constraints are in the form of bounds. This allows us to perform unconstrained minimization within a working set that is constituted of the "inactive" or free variables, as follows.
At iteration k , if tk variables are fixed on their respective bounds, then the vector xk can be partitioned into its free components xFR and its fixed components xFx . The rows of the tk -rank matrix i i k are a selection of the rows of A corresponding to the fixed variables. xFR is called the working set of the problem and the corresponding gradient vector is A,. The minimization of P (x) follows the search direction determined by the negative gradient of the cost function with respect to the working set. The search direction will be zero in components corresponding to the fixed variables.
In a quasi-Newton approach, the search vector pFR is given by [6, 12] : BFRPFR = -AFR (16) where B, denotes the K -tk dimensional approximation of the Hessian matrix with respect to the free variables (from (13), x is of dimension K ). Changes in the working set simply involves fixing a variable on a bound when a constraint is added, and freeing a variable from its bound if its constraint is deleted. Since Lagrange multipliers are associated only with active constraints, for the constraints in the form of bounds they are simply given by the signed components of the gradient vector corresponding to the given fixed variable. If the j-th fixed variable in A, is xi such that xi = E,, then A,. = A, [8] .The solution is reached when the Kuhn-Tucker conditions are satisfied [6] and one of the conditions for optimality requires that Vj7 Aj > 0 .
Initializing the variable set x such that the vector CD > 0 (from equation (12)), i.e. Vi, pii) > 0 , the unconstrained search direction can be obtained using any gradient based technique [l2] . (For instance, in Fig.3(b) , p3 is shown as a function of R, for a simple lossless transmission line. Clearly, initializing Rs so that p3 > 0 ensures that we find the root at R, = Zo.) We have chosen the quasi-Newton approach mainly due to the "smoothness" of our cost function surface and for its superlinear convergence property [6] . 
3.3: Moment Computation and Sensitivities
In order to evaluate the cost function and sensitivities, the optimization procedure described above requires an efficient method to calculate the exact moments mo through m3 at each node of interest in a transmission line tree. Circuit moments have been widely used for interconnect analysis and several moment models have been proposed[l4]. For a tree topology, the moment model proposed in [20] offers a computational complexity of 0 ( M ) , where M is the number of nodes in the transmission line tree. Cost function sensitivities can then be calculated efficiently using perturbation and finite-differencing or by adjoint sensitivity techniques [6, 10, 14] .
4: Controlling Response Rise-Time

4.1: Ringing versus Rise-time Trade-off
In Section 2, the objective of optimal termination was stated as minimizing ringing while maximizing the response signal slope. The objective function in Section 3 aims to minimize ringing by minimizing p3 at each node of interest.
For a positive impulse response function, as shown in Fig.4(b) , the second central moment p2 is a measure of the spread or dispersion of the function [4] . Reducing p2 (within the constraint that p2 2 0 ) reduces the spread of the function and hence results in an output response with a higher transition rate, thereby providing an efficient means to trade-off between rise-time and ringing. For M leafnodes in a transmission line tree, M so that Y E % and p : "
is a function of the variable element vector x (from equation (13)). Note from Fig.S(b) that the spread, and hence p2, for non-leaf nodes A and B depend on their physical positions w.r.t. to node C during reflected wave switching and not solely on the signal transition rate. Thus, we do not formulate the cost function to minimize p2 at these nodes. The cost function to maximize the slope of the response signal Q (x) is related to the Euclidean norm of the vector Y in (17): Thus, to obtain a signal with minimum ringing and maximum slope, R (x) = P (x) + 5 Q (x) can be minimized, where { is a weighting factor to trade-off between rise-time and ringing. Alternatively, we minimize P (x) and then use the rise-time of the input-signal to minimize Q (x) , as discussed below.
4.2: Input Signal Rise-Time Effects
Transmission lines are never driven by step signals. In T is the time-of-flight on the line, and the line can be modekd as a lumped circuit [l] . Moreover, the line acts as a lumped capacitor when tr > 5 . T . Thus, termination requirements for a transmission line need to also account for the frequency content of the input signal [7] . The bandlimitedness of the input signal can be used as a design variable for termination using programmable drivers where risetime might be controlled. For a saturated ramp given by (19), the central moments are of the form:
Thus, for tr f 0 , the "dispersion" of the output response is affected by the rise-time of the input signal (where, V, (s) = H (s) Vi (s) ), as shown in Fig.6(b) for a simple tr=o (a) FIGURE 6: (a) Saturated ramp inputs with t,, < trZ < tr, . (b) pz as a function of termination resistance R, for a simple transmission line as in Fig.l(a) with different input signal rise-times, tr transmission line as in Fig.l(a) . It can be demonstrated that when mo = 1 for the impulse response, the central moments add under convolution [8, 10] . As the rise-time increases, minimization of p2 (V,) yields a smaller value of the termination resistance R s . In Fig.6(b) , note that for t, = tr3, p2 (V,) is minimized at Rs = 0 , i.e. the line is self-terminated with rise time t r 3 . We shall illustrate this effect in Section 5.4 using an example.
5: Synthesis of General Transmission line Net Topologies
In this section, we discuss different transmission line net topologies and optimize selected termination techniques[ 8, lo]. The star topology shown in Fig.7 is the preferable choice when an interconnect skew between loads is undesirable, such as the case of a clock distribution network[2]. In Fig.7 , when dl=d2 and CL1=CL2, then Rl=R2=0 and the net can be terminated using only one resistor R , , the value of which can be obtained using the optimization procedure described in Section 3. In general, however, optimizing only R, cannot result in a properly terminated signal at both nodes 1 and 2, and so, R -0 , and RI and R, are simultaneously optimized. For this topology, we present two types of termination -source termination and far-end ac termination. For source termination, in Rla=R2a= 0 . The time-domain waveforms are shown in Fig.8 and Fig.9 . For source termination, the result obtained by minimizing p3 at nodes 1 and 2 separately is contrasted in Fig.8 (a) against the simultaneous optimization of the termination resistors R l a and R2a in Fig.8(b and R,, = 5Q (such that p3 at nodes 1 and 2 are simultaneously optimized). Due to advantages of routing with minimal space requirement, the daisy chain (or multi-drop) configuration as shown in Fig.10 is a popular topology. The behavior is that of a pin-to-pin transmission line if the loads along the line are "small" compared with the line capacitance and the net can be terminated with one resistance R , as shown in Fig.10 . The propagating signal experiences a discontinuity proportional to the capacitive load since the load pre-sents an admittance Y =joC,, and so, the propagating signal "dips" in propomon to Yc when it sees the capacitive load. In general, the net cannht be properly terminated with only one termination resistance. The number of termination components required is equal to the number of discontinuities, and these should be optimized simultaneously. Here, we show results for both series and ac termination. The series termination method uses R,a as shown in Fig. 10 . to present a higher effective impedance in T , such that C , , gets charged higher before the wave propagates forward. As shown in Fig.ll(b) , the noise level is controlled when R , and R I a are optimized together. But since this method uses series resistors, it should be used for a smaller number of loads along the net. The use of ac termination has been described earlier in [7] . For a fast-rising signal traveling along the line, C,, acts like a short circuit to ground. When optimized, R,, is the impedance that the signal sees to ground and its distortion is controlled. The value of R,, depends on CL1 and other line parameters. Fig. 12(b) shows the time-domain waveforms for the example in Fig. 10 with ac termination. When the exact value of the termination resistance, Rte, is not readily available, we can select the closest k,, from the set of available resistor values, and then complete the termination by wire-width optimization. The resistance, inductance and capacitance of the interconnect are functions of the interconnect width, w , and to a first order, 
5.1: Star topology
5.2: Daisy Chain Topology
where w is the width in microns [l8] . It is interesting to note that for a lossy transmission line the solution is not unique and depends on the relations in (22). The alternate solution for T, is a line width of 62pm. This can be explained as follows: With R, = 13.5Q, reducing the width of T, increases Zo , but also increases the total line resistance such that a width of lOpm self-terminates it. On the other hand, increasing w decreases line resistance along with Zo such that for a width of 62pm, the driver resistance terminates the line! The choice between the two solutions of 1Opm and 62pm will have to be based on factors of power, delay and manufacturability [9] . 
5.4: Termination Using Rise-time Variation
A typical application for self-termination by varying the rise-time of the driver is for a net where a short trans- mission line stub is present as in Fig.14 . By degrading the input signal rise-time, as discussed in Section4, p,, at node 2 results in the self-termination of the line T, with a rise-time of 1.5ns, and then R , can be used to terminate T I , as in Fig.lS(b) . Fig.lS(a) shows the time-domain waveforms at nodes 1 and 2 when R, is used to terminate the system for a step input and R , = R, = 0.
6: Conclusions
This paper has presented a methodology for optimal termination of a general transmission line tree using only the first few moments of the impulse response of the system, and without any time-domain simulations. The metric accounts for factors like loading conditions on the line, loss in the line and rise-time of the input signal, and incorporates different design variables into a common design tool. An efficient way to trade-off between the signal risetime and ringing is discussed.
